Clinical investigations have highlighted a biological link between reduced brain glucose metabolism and Alzheimer's disease (AD). Previous studies showed that glucose deprivation may influence amyloid beta formation in vivo but no data are available on the effect that this condition might have on tau protein metabolism. In the current paper, we investigated the effect of glucose deficit on tau phosphorylation, memory and learning, and synaptic function in a transgenic mouse model of tauopathy, the h-tau mice. Compared with controls, h-tau mice with brain glucose deficit showed significant memory impairments, reduction of synaptic long-term potentiation, increased tau phosphorylation, which was mediated by the activation of P38 MAPK Kinase pathway. We believe our studies demonstrate for the first time that reduced glucose availability in the central nervous system directly triggers behavioral deficits by promoting the development of tau neuropathology and synaptic dysfunction. Since restoring brain glucose levels and metabolism could afford the opportunity to positively influence the entire AD phenotype, this approach should be considered as a novel and viable therapy for preventing and/or halting the disease progression.
INTRODUCTION
Alzheimer's disease (AD) and related tauopathies are neurodegenerative disorders pathologically defined by the presence of abundant and highly phosphorylated forms of the microtubuleassociated tau protein which later aggregates into fibrils and finally forms the neurofibrillary tangles (NFTs). 1 Although it is known that the presence and abundance of NFTs correlates with the severity of dementia and neuronal loss, 2, 3 the mechanisms leading to the abnormal high phosphorylation of tau in the brain of these patients remain unclear.
Consistent evidence has provided support for the notion that that exposure to physiological and psychological stressors can trigger tau phosphorylation in rodents. Among the different type of stress, in recent years a lot of attention has been devoted to the relationship between metabolic stress and brain function. 4, 5 Despite the fact that the brain can use ketone bodies in order to maintain its basal functions, glucose is the main source of energy for the organ and its depletion has been shown to induce endoplasmic reticulum (ER) stress. 5 Glucose deprivation can occur in a variety of conditions including cerebral ischemia, aging and neurodegenerative diseases. 6, 7 Interestingly, positron emission tomography imaging studies have shown that glucose utilization is lower in AD than in age-matched healthy control brains. 8 In support to this observation, previous studies have demonstrated that in the transgenic mice Tg2576 (overexpressing the Swedish mutant of human APP), energy metabolism inhibition causes a post-transcriptional increase in BACE-1 levels, which leads to elevated Aβ formation and deposition. 9 On the other hand, we have previously reported that in response to glucose deprivation neuronal cells manifest an increase in tau phosphorylation via the activation of the P38 MAPK pathway. 10 This in vitro observation supported the novel hypothesis that energy deprivation may also have a role in the development of tau neuropathology, the second most important hallmark lesion of the AD brain. However, to the best of our knowledge, so far no data are available supporting these in vitro findings and their functional significance by demonstrating that indeed a condition of glucose deprivation by increasing tau phosphorylation will result in memory deficit and synaptic dysfunction in vivo.
In the current study, we used a pharmacological model of glucose deprivation and investigated its effect on tau phosphorylation, synaptic function and cognition in a relevant transgenic mouse model of tauopathy, the h-tau mouse. Under our experimental condition, we found that, compared with controls, glucose-deprived mice had impaired memory and reduced synaptic long-term potentiation, which associated with a significant increase in tau phosphorylation and apoptosis.
Taken together, to our knowledge, our findings provide the first in vivo evidence that this metabolic stressor by influencing tau metabolism is a pleiotropic and active modulator of the pathogenesis of AD and related tauopathies.
2-deoxyglucose (DG). Starting at 6 months of age, each mouse was administered with an intraperitoneal injection of 1 × PBS (CTR) (n = 10), or 1 g kg − 1 2-Deoxyglucose (DG) (n = 10) (Sigma, St. Louis, MO, USA) once a week. When they reached 10 months of age, mice underwent behavioral testing as described below and then euthanized. After perfusion brains were removed, gently rinsed in cold 0.9% phosphate-buffered saline and immediately dissected in two halves. One half was immediately stored at − 80°C for biochemistry; the other half was fixed in 4% paraformaldehyde in phosphate-buffered saline, pH7.4 for immunohistochemistry studies.
Behavioral tests
All the animals were handled for at least 3-4 consecutive days before testing. They were tested in random order and the experimenter conducting the tests was unaware of the treatment.
Y-maze
The Y-maze apparatus consisted of 3 arms 32 cm (long) 610 cm (wide) with 26 cm walls (San Diego Instruments, San Diego, CA, USA). Testing was always performed in the same room and at the same time of the day to ensure environmental consistency, as previously described. 12 Briefly, each mouse was placed in the center of the Y-maze and allowed to explore freely through the maze during a 5-min session for the assessment of spontaneous alternating behavior. The sequence and total number of arms entered were video-recorded. Any entry into an arm was considered valid if all four paws entered the arm. An alternation was defined as three consecutive entries in three different arms (1,2,3 or 2,3,1 and so on). The percentage alternation score was calculated using the following formula: total alternation number/total number of entries − 2) × 100.
Morris water maze
A white circular plastic tank (122 cm in diameter) with walls 76 cm high, filled with water maintained at 22°± 2°C, made opaque by the addition of a nontoxic white paint, was used to perform the Morris water maze test, as previously described. 13 Briefly, mice were trained to swim to a submerged Plexiglas platform from 4 different starting points, on a daily basis for a total of 5 days. If they failed to find the platform within 60 s, they were manually guided to the platform and allowed to remain there for 15 s. Mice were trained to reach the training criterion of 20 s (escape latency). Mice were assessed in the probe trial 24 h after the last training session. The probe consisted in a free 180 s swim in the pool without platform. Each animal's performance was monitored using the Any-Maze video tracking system, which provided data for the acquisition parameters (latency to find the platform and distance swam and ) and the probe trial parameters (number of entries in the target platform zone of the platform and time in quadrants).
Immunoblot analyses
Primary antibodies used in the paper are summarized on Table 1 . Immunoblot analyses were performed as previously described. 10, 12 Briefly, proteins were extracted in enzyme immunoassay buffer (RIPA) containing 250 mM Tris base, 750 mM NaCl, 5% NP-40, 25 mM EDTA, 2.5% sodium deoxycholate, 0.5% sodium dodecyl sulfate and an EDTA-free protease and phosphatase inhibitors cocktail tablet (Roche Applied Science, Indianapolis, IN, USA), sonicated, centrifuged at 45 000 r.p.m. for 45 min at 4°C, and supernatants used for the analysis. Total protein concentration was determined by using BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Samples were electrophoretically separated using 10% Bis-Tris gels or 3-8% Tris-acetate gel (Bio-Rad, Richmond, CA, USA), according to the molecular weight of the target molecule, and then transferred onto nitrocellulose membranes (Bio-Rad). They were blocked with Odyssey blocking buffer for 1 h; and then incubated with primary antibodies overnight at 4°C. After three washing cycles with T-TBS, membranes were incubated with IRDye 800CW or IRDye 680CW-labeled secondary antibodies (LI-COR Bioscience, Lincoln, NE, USA) at 22°C for 1 h. Signals were developed with Odyssey Infrared Imaging Systems (LI-COR Bioscience). Actin was always used as an internal loading control.
Formic acid insolubility assay Mouse brain homogenates were sequentially extracted first in RIPA for the tau soluble fractions and then in formic acid (FA) for the tau insoluble fractions as previously described. 12, 13 Insoluble fractions were then immunoblotted with HT-7 antibody.
Immunohistochemistry
Primary antibodies used in this study are listed on Table 1 . Immunostaining was performed as reported previously. 12, 13 Briefly, serial 6-μm thick coronal sections were mounted on 3-aminopropyl triethoxysilane-coated slides. Every eighth section from the habenular to the posterior commissure (8-10 sections per animal) was examined using unbiased stereological principles. The sections for testing total tau (HT-7), phospho-tau (PHF-1, AT8, AT270), synaptophysin (SYP) and microtubule-associated protein-2 (MAP-2) were deparaffinized, hydrated, subsequently pretreated with 3% H 2 O 2 in methanol and then treated with citrate (10 mM) for antigen retrieval. Sections were blocked in 2% fetal bovine serum and then incubated with primary antibody overnight at 4°C. The following day, sections were incubated with biotinylated anti-mouse immunoglobulin G (Vector Laboratories, Burlingame, CA, USA) and then developed by using the avidin-biotin complex method (Vector Laboratories) with 3,3′-diaminobenzidine as a chromogen. Consecutives sections were incubated in the absence of primary antibodies to ensure specificity of staining. 
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Electrophysiology
Ten-month-old mice ((n = No. of slices/No. of animals): h-tau (n = 6/4); h-tau +DG (n = 6/4)) were euthanized by rapid decapitation and brains placed into ice-cold artificial cerebral spinal fluid (ACSF) in which sucrose (248 mM) was substituted for NaCl. Analysis was performed as previously described. 14 Briefly, transverse hippocampal slices (400-μm thick) were cut using a Vibratome 3000 plus (Vibratome, Bannockburn, IL, USA) and placed in ACSF (124 nM NaCl, 2.5 mM KCl, 2 mM NaH 2 PO 4 , 2.5 mM CaCl 2 , 2 mM MgSO 4 , 10 mM dextrose and 26 mM NaHCO 3 ) at room temperature to recover for 1 h and bubbled with 95% O 2 /5% CO 2 . Slices were transferred to a recording chamber (Warner Instruments, Hamden, CT, USA) and continuously perfused with ACSF at 1.5-2.0 ml min − 1 flow, bubbled with 95%O 2 /5% CO 2 and maintained by an in-line solution heater (TC-324; Warner Instruments) at 32-34°C. Field excitatory postsynaptic potentials (fEPSPs) from the CA1 stratum radiatum were recorded by using an extracellular glass pipette (3-5 MΩ) filled with ACSF. Schaffer collateral/ commissural fibers in the stratum radiatum were stimulated with a bipolar tungsten electrode placed 200-300 μm from the recording pipette. Stimulation intensities were chosen to produce a fEPSP that was 1/3 of the maximum amplitude, based on an input/output (I/O) curve using stimulations of 0-300 μA, in increments of 20 μAs. Paired-pulse facilitation experiments were performed using a pair of stimuli of the same intensity delivered 20, 50, 100, 200 and 1000 ms apart. Baseline was recorded for 20 min before tetanization with pulses every 30 s. Long-term potentiation (LTP) at CA3-CA1 synapses was induced by four trains of 100 Hz stimulation delivered in 20 s intervals. Recordings were made every 30 s for 2 h following tetanization. The fEPSP rise/slope (mV ms − 1 ) between 30 and 90% was measured offline using Clampfit 10.3 (Molecular Devices, Sunnyvale, CA, USA) and normalized to the mean rise/slope of the baseline. Slices were eliminated if an unstable baseline was produced or if the normalized rise/slope dropped 420-50 mV ms − 1 in an~10 min period. All the tests were always performed by an experimenter who was unaware of the treatment.
Primary neuron studies
Cortices from h-tau mouse pups (P0) were isolated and incubated in 1% papain/Hanks balanced salt solution/.5 mmol l − 1 EDTA without Ca ++ or Mg ++ (Fisher Scientific, Waltham, MA, USA) as previously described. 14 Briefly, cells were plated in Neurobasal-A medium (Gibco Life Technologies, Grand Island, NY, USA) plus 10% fetal bovine serum on poly-D-lysinecoated six-well plates at a density of 106 cells per well and kept at 37°C. At 24 h after plating, medium was removed and replaced with Dulbecco's modified Eagle's medium plus B27 supplements and GlutaMAX (Gibco Life Technologies) to promote neuronal survival and inhibit growth of nonneuronal cells. Neurons were used for experimentation 7 days after plating, when at~70% confluence and treated with either Neurobasal-A medium with glucose and without glucose for 24 h. After treatment, supernatants were collected, and cells were harvested in lytic buffer for biochemical analyses.
Data analysis
Unpaired Student's t-test (two-sided) was performed using Prism 5.0 (GraphPad Software, La Jolla, CA, USA). All data are presented as mean ± s. e.m. Significance was set at Po 0.05.
RESULTS
Effect of glucose deprivation on memory
Starting at 6 months of age h-tau mice were randomized to receive an intraperitoneal injection of DG or vehicle once a week for 4 months. During the treatment no macroscopic differences between the two groups were observed in terms of general daily and motor activity, food and water intake, social behavior or weight gain (Figure 1a) . To assess the effect of glucose deprivation on cognition, at the end of the treatment mice were tested in the Y-maze and Morris water maze. No significant differences were detected among the 2 groups of mice in regard to their general motor activity, as assessed by the number of arm entries in the Y-maze (Figure 1b) . However, when we analyzed their exploratory ability the DG group showed a statistically significant lower percentage of alternations compared with the control group (Figure 1b ). Animals were then tested in the Morris water-maze paradigm consisting on a visible platform training followed by hidden platform testing with 4 probe trials per day. All mice in each group were able to reach the training criterion within 5 days and no differences were found during the training session as well as in the number of entries and latency to first entry the target platform zone in the probe test trial between the two groups ( Figure 1c) . Glucose deficit and tau pathology E Lauretti et al Glucose deprivation impairs synaptic function Next, we explored the effect of the treatment with DG on synaptic function. To this end, we investigated the basal synaptic transmission in both groups by generating I/O curves and measuring fEPSPs elicited in CA1 by stimulation of the Schaffer collaterals at increasing strength of stimulus intensities. No differences were observed in the I/O curves between the 2 groups of mice (Figure 2a) . Measure of short-term plasticity by examining paired-pulse facilitation, which is due to an activity-dependent presynaptic modulation of transmitter release, revealed also no differences between the two groups analyzed (Figure 2b ). Finally, we investigated LTP in the CA1 region of the hippocampus, which is thought to be a measure of neuronal plasticity and a major player in cognition. In this test, we found that, compared with CTR, DG-treated mice had a statistically significant reduction in LTP responses (Figure 2c to e).
Glucose deprivation promotes tau phosphorylation
Brains from the 2 groups of mice were harvested and cortices assayed for the levels of total tau and its phosphorylation at several epitopes. Levels of soluble total tau, as recognized by the antibody HT7, were not different between the treated and untreated mice (Figure 3a) . In a similar manner, no differences were noted for tau phosphorylation at Thr181 (AT270), Thr231/ ser235 (AT180) and, Ser396 (PHF-13) between the 2 groups (Figure 3a) . By contrast, compared with controls DG-treated mice showed an increase in tau phosphorylated at Ser202/Thr205, as recognized by AT8 antibody, and at Ser396/404, as recognized by PHF1 antibody (Figure 3a and b) . Immunohistochemical analyses for tau and its phosphorylated isoforms confirmed the biochemical results (Figure 3e) . Finally, compared with controls brain homogenates from DG-treated mice displayed a significant increase in the level of total insoluble (formic acid-soluble) tau fraction as recognized by the antibody HT7 (Figure 3c and d) .
Glucose deprivation triggers P38 MAPK kinase activation Because we observed changes in tau phosphorylation in the brain cortex region of mice undergoing DG treatment, next we assayed some of the kinases, which have been implicated in posttranslational modification of tau secondary to metabolic stress conditions such as JNK and P38 MAPK. 15 Immunoblot analysis of JNK and its phosphorylated form (pJNK), did not show any significant differences between the 2 experimental groups (Figure 4a ). By contrast, although there was no significant difference in the levels of total P38 MAPK between the two groups, compared with controls we observed that brains from DGtreated mice had a significant increase in the levels of its active phosphorylated form pP38 MAPK (Figure 4a and b) .
Glucose deprivation affects synaptic integrity Because changes in tau phosphorylation state and solubility have been correlated with the extent of synaptic loss in AD, 16 next brain cortices were assayed for steady-state levels of three major synaptic proteins: MAP2, SYP and postsynaptic density protein 95 (PSD-95), indices of pre-and post-synaptic integrity, respectively. As shown in Figure 5a , no differences were observed between the two groups when PSD-95 levels were measured. By contrast, compared with the control group, DG-treated mice displayed a significant decrease in the levels of the main synaptic proteins SYP and the dendritic protein MAP2 (Figure 5a and b) . These results were further confirmed in brain sections of the same mice when assessed by immunohistochemical analyses (Figure 5c ).
Glucose deprivation induces apoptosis Since chronic energy deprivation as well as activation of the P38 MAPK pathway can also lead to cell apoptosis, 17 we performed immunoblotting analysis for some of the most important caspases, which have been involved in this pathway. As shown in Figure 6 , compared with control, DG-treated mice showed a statistically significant increase in the level of the active-cleaved forms of caspase-3 and caspase-12. By contrast, no significant differences were observed between the two conditions when procaspase-12, pro-caspase-7, and caspase 7 steady-state levels were assayed (Figure 6 ). 
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Glucose deprivation modulates tau phosphorylation via P38 MAPK To further confirm our observation, we used primary neuronal cells isolated form the same h-tau transgenic mice. Neurons were incubated overnight in either DMEM with glucose, or DMEM without glucose and then cell lysate collected. Compared with controls, we observed that glucose deprived cells did not show any changes in total tau (HT7) levels ( Figure 7 ). By contrast, we observed that the same cells had a significant increase in tau phosphorylation at epitopes Ser202/Thr205, as recognized by AT8 antibody and, at Ser396/404, as recognized by PHF1 antibody (Figure 7) . In addition, similar to the in vivo data, we observed a significant increase in the levels of the phosphorylated form of P38 MAPK kinase, but no changes in its total un-phosphorylated form (i.e., P38) ( Figure 7 ).
DISCUSSION
In recent years, growing experimental evidence has suggested a direct association between altered glucose metabolism, brain function and neurodegeneration. 18, 19 Consistent data have indeed established a link between systemic metabolic dysfunction, such as diabetes, and dementing disorders, suggesting that their recently observed significant increase in incidence could be in part justified by the worldwide dramatic rise in insulin resistance, obesity and diabetes. 20 The complexity of this relationship has been more recently underscored by new evidence suggesting that the interaction between altered metabolism and brain dysfunction can be also bidirectional. 21 In an effort to shed light into such a complicated matter, the implementation of different mouse models has been widely sought. To this end, it is of interest that together with human studies, the investigations using these models have all convened on a common final point: dysregulated glucose levels and impaired energy metabolism secondary to reduced glucose utilization are not only a clinical feature of AD but also important contributors to its pathogenesis by activating the unfolded protein response, increasing Aβ formation and deposition and, in extreme cases, resulting in neuronal death. 22, 23 Velliquette et al. 24 reported that energy inhibition significantly increased Aβ levels in the Tg2576 mouse model. More recently, this finding was confirmed in an in vitro model of energy deficiency and in vivo, in two APP transgenic mouse models of AD-like amyloidosis (that is, Tg2576 and 5xFAD mice) in which pharmacological energy deprivation promoted amyloidogenesis via BACE-1-dependent mechanism. 9 However, since these mice do not develop tau neuropathology it remained to be fully investigated whether energy deprivation was also capable to alter tau metabolism and phosphorylation.
In a recent paper, we investigated the effect of glucose deprivation on tau metabolism using a neuronal cell line, and showed that under this experimental condition cells manifest an increase in tau phosphorylation via the activation of the p38 MAPK. 10 On the basis of our in vitro studies we predicted that the increase in tau phosphorylation in an in vivo model of chronic energy depletion would be ultimately responsible for cognitive impairments and synaptic dysfunction.
To test this hypothesis, in the current paper we used a wellestablished model of impaired energy metabolism, by implementing chronic administration of DG, a synthetic glucose analog in which the C-2 hydroxyl group is substituted by hydrogen. DG competitively inhibits glucose cellular uptake since it uses the same system to enter the cell, the glucose transporters (that is, GLUTs). 25 Once inside the cell, DG is quickly phosphorylated to Glucose deficit and tau pathology E Lauretti et al form DG-6-phosphate which cannot be further metabolized via the glycolytic pathway and starts accumulating. This event by inhibiting cellular glycolysis at the initial step ultimately results in intra-cellular glucose deprivation. 26 At the end of the 4 months of treatment, behavioral tests assessing learning and memory were performed in DG-treated mice compared with controls. Interestingly, although we did not observe any significant difference between the two groups in the Morris water maze paradigm, a learning and memory retrieval test, we found that DG-treated mice displayed cognitive impairment as assessed in the Y-maze paradigm, which is considered a reliable measure of spatial working memory in rodents. 27 Considering that both tests assay hippocampal-dependent memory tasks, we hypothesize that the Y-maze at this particular age is probably a more sensitive test for detecting early behavioral impairments in this transgenic mouse model of tauopathy. 28 In search for a biochemical substrate of the behavioral data, we evaluated the direct effect of glucose deprivation on synaptic function and transmission by performing electrophysiology studies. First, we observed that between the two groups of mice there were no significant differences in the basal synaptic transmission, indicating that this function is not altered by the treatment. Additionally, no significant differences were noted also when we measured short-term plasticity by examining pairedpulse facilitation, which is secondary to an activity-dependent presynaptic modulation of transmitter release. 29 This observation suggests that the transient increase in the concentration of intraterminal calcium produced by an invading action potential is similar between the two groups. However, when we assessed the LTP response, which is a type of neuronal plasticity that is thought to have a major role in learning and memory functions, 30 we found that DG-treated mice had a statistically significant reduction at 10 min as well as 120 min when compared with the control group.
Considering the age of the mice in our study, we hypothesize that the DG treatment acts as a trigger to exacerbate and accelerate the ongoing pathological changes secondary to the transgene expressed by the mice. Thus, it is known that in the h-tau mice both the behavior deficits as well as LTP changes are typically observed at a later age-time point than the one we have chosen. 11, 28 Memory deficits were associated with a significant increase in pP38 MAPK-dependent tau phosphorylation at specific epitopes as recognized by the AT8 and PHF1 antibodies along with a significant accumulation of tau in its insoluble form.
Accumulating evidence suggest that P38 MAPK may play an important role in the development of AD pathology. 31, 32 Several studies have shown that the active form of this kinase is associated with neuritic Aβ-amyloid plaques and tau NFT pathology in postmortem brains of AD patients and that it occurs at very early stage of the disease. 33, 34 This kinase exists in four different isoforms (α, β, γ, δ) and, when activated by dual phosphorylation at Thr180 and Tyr182, directly promotes tau phosphorylation. 34 The activation of this kinase can be triggered by many stimuli and stressors such as UV light, heat, osmotic shock, inflammatory cytokines, ER stress and glucose deprivation. 35 Thus, it is not surprising that under our experimental conditions we observed a specific and selective activation of this kinase. Of interest in the context of our paper, is also the recent report that an increased activity of pP38 MAPK is a significant contributor to LTP inhibition and synaptic dysfunction. 36 Besides synaptic dysfunction, aberrant accumulation of hyperphosphorylated tau isoforms and its insoluble fibrils can also lead to synaptic loss, typically represented by decreased levels of preand post-synaptic protein markers of synaptic integrity. 37 Thus, confirming this aspect of the neurobiology of phosphorylated tau we found that compared with controls DG-treated h-tau mice had a significant reduction in the steady state levels of 2 major of these synaptic markers, SYP and MAP2, which further explains the deficit in working memory observed in the same animals.
Tau phosphorylation is known to influence not only neuroplasticity, but also neuronal survival by affecting the dendritic/synaptic remodeling seen in the hippocampus as a response to environmental stimuli and stress. 38 Supporting these observations, in our study we found that compared with controls glucose-deprived mice in addition to higher phosphor-tau displayed biochemical markers of apoptosis, as shown by the increased steady state levels of the cleaved forms of caspase 3 and 12.
Taken together our findings could provide a novel and plausible molecular mechanism linking repeated episodes of hypoglycemia to the development of AD neuropathology.
In fact there are reports that super tight glucose control with insulin Rx increases risk for hypoglycemic episodes, and repeated hypoglycemic episodes have been implicated as part of the diabetes-dementia syndrome. 39 In summary, the findings presented in this paper provide the first in vivo experimental evidence that impaired glucose metabolism and utilization by activating the P38 MAPK kinase pathway triggers tau phosphorylation, neuronal apoptosis, impairs memory, synaptic integrity and function in a relevant transgenic mouse model of tauopathy. Therefore, drugs targeting this kinase in the brain may represent a suitable therapeutic approach for the treatment of both AD and related tauopathies for which impaired glucose utilization is an established risk factor.
